Abstract -The utility of intramolecular cycloaddition-and ene-reactions in terms of entropy effects, regio-and stereoselectivity is illustrated by the following recent syntheses of natural products 1) Optically pure (+)-estradiol has been synthesized from 2-methyl-2-cyclopentenone by a sequence of 9 steps in high overall yield. The key steps are a regioselective deprotonation/alkylation of 5-(1, 3-dihydroisothianaphthen-2 ,2-dioxide) -carbonitrile with an easily accessible, functionalized, enantiomerically pure ring D-unit and a subsequent thermolysis which involves SO2-extrusion and intramolecular trapping of the transient orthoquinodimethane giving the trans-anti-trans steroid skeleton in 66% overall yield.
1) Optically pure (+)-estradiol has been synthesized from 2-methyl-2-cyclopentenone by a sequence of 9 steps in high overall yield. The key steps are a regioselective deprotonation/alkylation of 5-(1, 3-dihydroisothianaphthen-2 ,2-dioxide) -carbonitrile with an easily accessible, functionalized, enantiomerically pure ring D-unit and a subsequent thermolysis which involves SO2-extrusion and intramolecular trapping of the transient orthoquinodimethane giving the trans-anti-trans steroid skeleton in 66% overall yield.
2) Starting from indol-4-carboxaldehyde the otherwise not easily accessible ergot alkaloids (±)-chanoclavine I and for the first time its even scarcer isomer (±)-isochanoclavine I have been prepared by a sequence of 11 synthetic operations in overall yields of 14% and 2.4%. The key step is a regio-and stereoselective intramolecular addition of a transient nitrone to a 4-indolylacrylic ester.
3) (-) -(S)-2-Cyclopenten-2-carboxylic acid has been converted to the optically pure sesquiterpenes (+)-longifolene and (+)-sativene via a common tricyclic 1,5-diketone intermediate in overall yields of 24% and 9%. These syntheses are centered on an efficient regio-selective intramolecular (2+2) -photocycloaddition followed by a retrolaldolisation.
4) The neurophysiologically interesting cyclic amino diacid (+)-a-allokainic acid as well as its (-)-antipode have been prepared enantioselectively from -chloroacrylates by a series of 4 synthetic operations in over 15% overall yield. The crucial step is an intramolecular ene reaction of a l,6-diene. Treatment of the latter with a mild Lewis-acid promotes a dramatically accelerated, highly diastereo-and enantiostereoselective cyclization. This is the first examples of an "enetype" reaction proceeding with high asymmetric induction followed by regeneration of the auxiliary chirality directing group.
INTRODUCTION
Over the last 12 years a major part of our research has been focused on intramolecular cycloaddition and ene reactions. By now the utility of these reactions for the efficient synthesis of complex cyclic molecules has become generally recognized, as is apparent by the rapid development of this field (Ref. 1 , 2) . Today I would like to outline some recent applications of intramolecular versions of Diels-Alder and nitrone additions, photo-additions and ene reactions to the synthesis of natural products. by the suitably positioned multiple bond. Nearly 9 years ago we have reported the synthesis of (±)-chelidonine 8 which constitutes the first application of this reaction sequence in natural product synthesis (Ref. 3) . In the meantime we have improved this approach considerably as shown in Scheme 2. Introduction of the nitro group intO the known styrene 4 by reaction with silver nitrite in the presence of iodine and potassium acetate gave the nitrostyrene 5 in 72% yield. Heating of 5 in xylene at 1200 for 2 hours gave after crystallisation the cis-fused adduct 6 in 97% yield. Not even a trace of any other stereo- ving chiorosulfonation of 17. To introduce the more interesting nitrile group (l72Ob) we used newer methodology such as the iodination of 17 followed by a palladium-catalyzed iodide/cyanide exchange using a solid alumina support (Scheme 6). Although simple nitration of 17 afforded smoothly the corresponding S-nitro-isothianaphthene dioxide, subsequent treatment with various bases led only to intractable tars. On the other hand, both the sulfonamide 20a and the nitrile 20b came up to our expectations; successive treatment of 20a or Having solved the problem of regioselective 1,5-functionalization of the sulfone 17 we now turned our attention to the synthesis of (±)-estradiol (Scheme 8). The optically pure acid (+)-ll was converted to the iodide jj by allows the elaboration of the dipolarophile at the aldehyde group and the introduction of the dipole chain at position 3. Thus in contrast to most other syntheses of ergolines the unprotected indole nucleus should be carried intact throughout the synthesis. This strategy parallels the biosynthesis of chanoclavine I insofar as the latter starts from tryptophan and also involves C (5) 
R=H in ref luxing benzene gave the bridged cycloadduct 41 as the only isolable product. This undesired regioselectivity was not unexpected in view of the orientational bias of the aryl-substituent on the near end of the alkene unit in 40, R=H. Placing either an electron-donating or withdrawing group R at the terminus of the vinyl moiety should direct the regiochemistry towards the desired ring-fused isoxazolidines. Indeed, this proved to be the case Analogous preparation and thermolysis of the enol ether 39, R=OMe led exclusively to a mixture of stereoisomers 42 indicating complete reversal of the regiochemistry (Scheme 12).
The actual synthesis of chanoclavine I was then started (Scheme 13) by a
Homer reaction 34 -43 followed by the C-3-functionalization 43 ÷ 44. Reduction of the nitrile 44 to the aldehyde 45 was accomplished in high yield with Raney-nickel/sodium hypophosphite in pyridine/acetic acid/water. Now the stage was set for the crucial cycloaddition step : Consecutive treatment of 45 with N-methylhydroxylamine and heating of the transient nitrone 46 furnished exclusively the cis-fused isoxazolidine 47 in 63% yield. To convert the key cycloadduct 47 to chanoclavine I (Scheme 14) the ester 47 was reduced to the alcohol 48 which underwent smooth hydrogenolysis of the N,O-bond in the presence of Raney nickel. Selective protection of the resulting methylamine using di-tert-butyldicarbonate gave the diol carbamate 49 in 67% overall yield from 47. Oxidation of the diol 49 with sodium metaperiodate in aqyeous methanol at 00 yielded initially the pure cis-aldehyde 50 which epimerized slowly on standing to the more stable trans-isomer 51. After complete epimerization of 50 to 51 by treating 50 with ethyl-diisopropylamine in chloroform at 20° for 3 hours, the pure trans-aldehyde 51 was subjected to a Wittig reaction using cristalline (a-carbomethoxyethylidene) triphenylphosphorane in CH2C12 at 60°4 , is in fact a highly efficient and regioselective photo-2+2-addition followed by hydrogenolysis of the protecting carbonate which triggers off a spontaneous retroaldol cleavage 61 + 62 giving the skeleton of longifolene in high overall yield. The subsequent steps deal mainly with the functionalization of the sterically discriminated carbonyl groups of 62 giving racemic longifolene in about 25% overall yield starting from this easily accessible acid chloride derived from 58. Having thus achieved the first enantioselective synthesis of (+)-longifolene we envisaged furthermore to use the optically pure tnicyclic 1,5-diketonekey-intermediate 62 for the synthesis of other natural products such as sativene (71).
This approach (Scheme 18) obviously requires a ring-contraction of the 7-membered ring and a steneoselective introduction of an equatorial isopropyl group. To this end the diketone 62 was first converted to the keto-olef in 67 by addition of methylmagnesium iodide and subsequent iodine-catalyzed dehydration. Ring contraction of 67 using thallium tninitrate in the presence of tnimethylorthoformate was disappointingly unsuccessful. In contrast using Tl(N03)3 supported on the Montmonillonit clay K-l0 (Ref. 23 ) and subsequent acidic hydrolysis of the non-isolated acetal, the ring-contracted diketone was obtained in respectable yield as a mixture of stereoisomers. To convert this mixture to isomenically pure sativene, the remaining methyl group was introduced by a Gnignard addition. Dehydration of the resulting alcohol and concomitant olef in isomenisation with iodine led in high yield directly to the cyclizations in which the enophile is linked by an appropriate bridge either to the olefinic terminal (type I), the central atom (type II), or the allylic terminal (type III) of the ene unit. So far the most interesting variant deals with reactions of type I, particularly the regioselective formation of 5-membered rings by thermolysis of l,6-dienes (Scheme 2O X may be carbon or a heretoatom). Several years ago we studied systematically the influence of the ene geometry on the configuration of the newly formed centers. Already model considerations show that a concerted supra-supra-facial hydrogen-transfer from a cis-ene 72 should lead to cis-substituted 5-membered rings 73 via an exo-transition state since the endo-orientation is highly strained. Indeed, kinetically controlled cyclizations of the cis-dienes 72 furnished cis-substi-tuted products II with 100% stereoselectivity (Ref. 24 By contrast (Scheme 25), the analogous 1,6-diene 89a carrying a malonic ester moiety gave mainly the trans-substituted pyrrolidine 90 which after hydrolysis and subsequent decarboxylation furnished the racemic o-allokainic acid (Ref. 29) . After we had reported this work in a preliminary note we re-examined the crucial ene reaction. First, as we soon found out, the thermal cycliza€ion of 89a furnished the trans-product 90 not exclusively but a 3:1-mixture of 90 and its cis-isomer 95. Nevertheless, the unusual predominance of the trans-product 90 was still significant and raised the question as to how far this diastereoselectivity depends on the enophile geometry in 89a. The (Z)-diene 89a was easily accessible (Scheme 26) via treatment of the cis--chloroacrylate 9la with the acylaminomalonic ester 93 in the presence of 1 molequiv. of tert-BuOK followed by N-alkylation of 88a. Analogous Michael- However, the situation changed dramatically when we carried out the cyclization of 89a and 94a in the presence of an excess of diethylaluminium chloride (a mild Lewis-acid and HC1-scavenger similar to EtA1C12 and Me2AlCl which have been recently used by B.B. Snider as catalysts in bimolecular ene reactions see Ref. 31) . Thus, addition of Et2A1C1 (3 equiv.) to a solution of the (Z)-diene 89a in dry CH2C12 at -78° and quenching of the reaction with water at -78° after 8 hours, yielded exclusively (> 90% yield) the trans-substituted pyrrolidine 90. Not even a trace of the cis-isomer 95 was found. More conveniently the reaction was carried out with 3 equiv. of Et2A1C1 at 350; the same diastereoselectivity was observed at _780 and at _350, We were also pleased to find that the (E)-diene 94a cyclized at -35° with 89% diastereoselectivity to the trans-product 90 in the presence of 3 equiv. of Et2AlCl. The reaction 94a + 90 proceeded somewhat slower than the cyclization of 89a requiring 6 hours at _350 for completion (78% yield). The kinetic nature of the Lewis-acid promoted diastereoselectivity in the reactions 89a + 90 and 94a + 90 was supported by the observation that a 1:1-mixture of 90 and 95 remained virtually unchanged on treatment with 30 equiv. of Et2AlCl in CH2C12 at 25° for 10 mm. Accordingly, we attempted to rationalize the observed stereochemistry of the thermal and Et2A1C1-mediated cyclizations of 89a and 94a by examination of the possible transition states (Scheme 28). is forced by angle strain to yield only the cis-substituted product 95 whereas the former may in principle lead to both trans-and cis-pyrrolidines 90 and 95. However, formation of the cis-product 95 via a t-ene unit (transition states C and D) invariably shows a strong repulsion between one of the malonic ester groups and the olefinic methyl substituent regardless of the enophile geometry. Transition state E is disfavored by 1,3-diaxial perturbation which is absent in transition state F the transition states A and B are virtually free from non-bonding interactions. It thus follows that in the thermal cyclization of 89a (containing a (Z)-enophile) transition state A should be preferred over C and E explaining the predominant formation of 90. Thermal enereaction of 94a (containing an (E)-enophile) indicates the compatibility of the non-encumbered transition states B and F since 90 and 95 were formed in equal amounts.
Although the operation of concerted ene reactions in the Lewis-acid-induced cyclizations of 89a and 94a remains to be proved, it agrees with the observed stereochemistry. Thus, complexation of the ester and amide units increases their steric bulk, and therefore, the repulsions in the states C, D, E and, somewhat less, in F. Consequently it appears that in the presence of Et2AlCl the trans-product 90 is formed from 89a exclusively via transition state A and from 94a preferentially via transition state B (Ref. 34 ).
Having solved the diastereoselectivity problem, we turned our attention to the possibility of carrying out the crucial ene reaction in an enantioselective manner. This perspective seemed to be of general interest in synthesis since very little is known about asymmetric induction in ene reactions. We only know about one study allowing recyclization of the chirality directing group which deals with the Lewis-acid-catalyzed addition of menthylglyoxalate to AlEt2Cl/35° or +°A lEt2Cl/-35°1 5 the (Z)-diene 89c in 40% overall yield from and the (E)-diene 94c in 60% yield from 92c. Heating the (Z)-diene 89c at 700 for 80 hours gave a 1:1-mixture of the diastereoisomers 98 and 99 (Scheme 31), readily assessed by 360 MHZ-'H-NMR-evidence which shows the two singlets of the olefinic protons at 4.83/4.90 ppm for 98 and at 4.96/5.02 ppm for its isomer 99. On the other hand, we were delighted to find that treatment of the (Z)-phenylmenthylester 89c with 3 molequiv. of Et2A1C1 in dry CH2C12 at -35° for 18 hours furnished the isomers 98 and 99 in a ratio of 9:1. This assignment is based on the conversion of the 9:1-mixture to (+)-o-allokainic acid 82, carried out in the following manner (Scheme 32). Alkaline saponification furnished on extraction the unchanged starting (-)-8-phenylmenthol. Successive decarboxylation of the non-isolated malonic acid at pH=6 to 3, precipitation of the copper salt of 82 and its decomposition with aq. H25 gave the enantiomerically pure (+)-oallokainic acid (82 in 73% yield from 98). The synthetic amino acid 82 was shown to be enantiomerically pure and identical with natural 82, kindly provided by Professor H. Morimoto, by conversion to the dimethylester 100 (MeOH/SOC12) and subsequent comparison of the chromatographic properties, IR and 'H-NMR-spectra particularly using a chiral shift reagent. The strikingly high asymmetric induction in the Et2A1C1-promoted "ene-type" reaction 89c98 agrees nicely with a trarsition state geometry resembling G (Scheme 33). 
COOR
Invoking antiplanar conjugated C =C IC =0 bonds and a synpianar arrangement of the alkoxy-hydrogen and the carbonyl oxygen in 89c, the phenyl group is smoothly positioned over the enophile-double bond. In support of this conformation, the phenylmenthylester 89c shows in the 'H-NMR-spectrum the signal of H-Ca shifted up-field by 1.01 and 1.04 ppm from its position in the ethyl-and menthylesters 89a and 89b. Association of the acrylate unit with the Lewis-acid may lead to a charge-transfer complex which could account for the slower cyclization of 89c in comparison with 89a and 89b. This interaction of the enophile with the phenyl group blocking the si-face of C-could direct the attack of the ene to the Ce-re-face in agreement with experiment.
Similar stereochemical analysis of the Lewis-acid induced cyclization of the (E)-phenylmenthylester 94c (transition state H) predicts shielding of the enophile-re-face by the phenyl group and, consequently, ene-attack from the si-face. Indeed, treatment of 94c with Et2A1C1 (3 molequiv., CH2C12, -35°, 18 hours) gave the isomers 98 and 99 in a ratio of 15:85 in perfect agreement with our prediction (Scheme 31). In summary, the cyclization 89c + 98 and 94c + 99 are the first examples of "ene-type" reactions proceeding with high asymmetric induction, allowing recyclization of the chirality directing group (Ref. 37) . This, together with the possibility to manipulate the absolute sense of induction by variation of the enoate geometry, may prove of further value in synthesis.
